The mechanisms of rickettsial attachment have been studied by measuring quantitative changes in rickettsial binding to host cells by flow cytometry after different treatments of the rickettsiae and host cells. Timedependent binding of Rickettsia conorii to host cells was demonstrated by the increasing intensity of host cell surface fluorescence of rickettsia-host cell combinations when examined with a rickettsia-specific monoclonal antibody. More than 70% of host cells had intensity of fluorescence above the threshold value after 10 min of incubation, owing to rickettsiae bound to the cell surface, and the greatest fluorescence intensity indicative of binding occurred at 20 min. The binding kinetics was rickettsial dose dependent. The binding of rickettsiae to host cells was greatly decreased when host cells or rickettsiae were treated with 1% paraformaldehyde for 30 min or 0.25% trypsin for 5 or 15 min, respectively. Rickettsiae that were heated at 56°C for 15 min lost more than 80%o of their ability to attach to host cells. R. rickettsii, an organism closely related to R. conorii, competitively inhibited the attachment of R. conorii (51% inhibition when mixed in equal numbers). These results indicate that the rickettsial binding structures are trypsin and heat sensitive and likely to be surface proteins.
Spotted fever group (SFG) rickettsiae are obligate intracellular bacteria which have evolved in close association with their natural hosts, ticks and gamasid mites (21) . SFG rickettsiae are closely related genetically to typhus group rickettsiae, from which their lipopolysaccharides and surface proteins differ antigenically. Rickettsiae of these two groups cause important human diseases by infecting endothelial cells in widely disseminated sites throughout the body. Injury to and necrosis of the vascular endothelium caused by Rickettsia rickettsii and R. conorii result in the signs and symptoms of Rocky Mountain spotted fever and boutonneuse fever, respectively (17, 18) . The first step in the pathogenesis of SFG rickettsial diseases, after the injection of these rickettsiae into the human skin by tick bite, is the attachment of these obligate intracellular bacteria to the human target cells (19) . The survival of the rickettsiae depends upon this attachment and subsequent entry into the host cell.
Rickettsial adherence and entry have been studied previously in several experimental systems. Adsorption of R. prowazekii to sheep erythrocytes is followed by hemolysis (13, 22) , is temperature dependent, and appears to involve a cholesterol-containing host cell membrane receptor (14) . The uptake kinetics of R. rickettsii and R. prowazekii by suspensions of chicken embryo cells is directly related to the time of exposure and the concentration of rickettsiae (23) . This assay requires visual microscopic counting of stained cells and does not distinguish extracellular attached organisms from intracellular organisms. Removal of host cell membrane fragments from the crude suspensions of rickettsiae and host cell components enhanced the efficiency of uptake of rickettsiae by host cells, suggesting that receptors on the cell membrane fragments competitively inhibited rickettsial attachment to receptors on intact cells (24 (11) , was used as the first antibody for indirect immunofluorescence staining of R. conorii; 0.1 ml of monoclonal antibody diluted 1:1,000 in PBS-2% FCS was added to each vial, which contained a fixed mixture of rickettsiae and cells, and the mixture was incubated at 25°C for 30 min. Samples were washed twice with PBS-2% FCS as described above before 0.1 ml of fluorescein-conjugated goat antimouse immunoglobulin diluted 1:40 in PBS-2% FCS was added to each vial. Samples were incubated at 25°C for 30 min and were washed twice as before. After the last wash, cells were placed again in 1% paraformaldehyde and were filtered through 200-mesh nylon to remove clumps of cells that might have formed during sample preparation before examination by flow cytometry. To determine whether a selected population of the sample was removed by the filtration through nylon mesh, samples were evaluated by flow cytometry before and after filtration.
Determination of cell losses during each step of preparation. Cells collected from the supernatant fluid of each wash were counted in a hemocytometer and then examined under fluorescence microscopy after the cells were cytocentrifuged onto a slide and stained by indirect immunofluorescence. The quantity of cells lost at each step during preparation of the sample and the number of rickettsiae per cell in the supernatants and the final sample were calculated.
Competitive inhibition assay. A 50-tl suspension of R. cononii (7 x conorii; staining of trypsinized rickettsiae employed MAb F2-31, which reacts with epitopes that are resistant to trypsin digestion (12) . rickettsiae counted on the cell surface in relation to the fluorescence intensity.
RESULTS
Rickettsiae attached to host cells spontaneously, with detectable attachment in as short a period as a few minutes after rickettsiae and host cells were mixed. The interaction reached a peak number of rickettsiae on the surface of host cells at 20 min and remained at a high level of surface-bound rickettsiae for several hours (Fig. 1) .
Validation of the flow cytometric assay for attachment of SFG rickettsiae to the cell membrane of L-929 cells was accomplished by demonstration that the series of steps in the method did not selectively remove a population of cells that had interacted differently with rickettsiae. Moreover, the quantitative signal of SFG rickettsiae attached to the surface of L-929 cells correlated appropriately with the number of rickettsiae counted visually on the surface of the cells by microscopy. During the preparation of the sample for flow cytometry with paraformaldehyde fixation, the three washing steps, and the two incubations to react the fixed cells with sequential antibody reagents, an average of 25.7% (range of 20 to 34.5%) of the cells originally present were lost. The number of rickettsiae per cell in the supernatant of each wash step was similar to that in the final prepared sample (P = 0.25 by Student's t test; data not shown); therefore, no selective loss of heavily or minimally infected cells would have occurred. Nylon mesh filtration to remove clumps of cells that might have blocked the orifice of the flow chamber resulted in populations of cells after filtration that did not differ from the samples prior to filtration in terms of the percentage of cells with surface-bound SFG rickettsiae (P > 0.10 by Wilcoxon signed rank test) or the number of cells present (5) . Thus, the final sample is representative of the original sample of cells that had interacted with SFG rickettsiae.
Evaluation of the effect of incubating increasing numbers of R. conorii organisms with a fixed quantity of L-929 cells revealed a saturation curve with a dose-response relationship during a 30-min period of incubation (Fig. 2) . When each sample of these ratios of R. conorii and L-929 cells was counted visually by microscopy and compared with the flow cytometric results, a close relationship was observed be- tween the percentage of cells with rickettsiae bound to their surface assayed by flow cytometry and the number of rickettsiae per cell visualized on the cell surface by microscopy ( Table 1 ). The quantitative validation of the flow cytometric method for measuring the attachment of R. conorii to host cells was further demonstrated by the use of the cell sorting function of the apparatus. Cells sorted from lower intensities of fluorescent signal had fewer rickettsiae counted by microscopy on their surfaces than did cells sorted from channels with higher intensities of fluorescence ( Table 2 ). The number of rickettsiae per cell corresponds to the intensity of fluorescence. Half of the cells from the 10-channel window astride the negative cutoff threshold, in fact, had no rickettsiae attached. Cells with a single attached rickettsia were detected and sorted into this sample at the threshold of positivity. The number of attached rickettsiae per cell increased in parallel with the log fluorescence intensity for each interval.
The rickettsial attachment mechanism was susceptible to heat inactivation (Fig. 3) . R. conorii heated at 56 or 60°C for 15 min lost most of its ability to bind to L-929 cells. In contrast, R. conorii heated at 50°C retained 70% of its ability to attach to the host cell membrane. The rickettsial attachment mechanism was also susceptible to inactivation by digestion with trypsin for 15 min at room temperature and inactivation by exposure to 1% paraformaldehyde (Fig. 4) . Likewise, the susceptibility of the host cells to adhesion of R. conorii to their surfaces was similarly decreased by trypsin digestion or treatment with 1% paraformaldehyde.
Incubation of L cells with a fixed concentration of R. conorii and various concentrations of R. rickettsii revealed that attachment of R conorii to the host cells was competitively inhibited in a dose-dependent manner by R. rickettsii (Table 3) . When equal numbers of R. conorii and R. rickettsii organisms were incubated together with L-929 cells, 51% competitive inhibition of the binding of R. conorii was observed in comparison with the binding of R. conorii in the absence of competing R rickettsii. Even at saturation concentrations of R. conorii binding to host cells, equal concentrations of R rickettsii effected a 50% reduction in attachment by R. conorii (data not shown). R. rickettsii alone exhibited binding kinetics similar to that of R. conorii; similar quantities of rickettsiae yielded 50% of host cells with surface-bound organisms (data not shown).
To eliminate the possibility that rickettsial adhesion to host cells resulted from nonspecific cross-linking by paraformaldehyde, lysine was used to neutralize the excess active sites of paraformaldehyde in a modified procedure in which the samples were washed twice by sedimentation at 1 x g before being fixed with paraformaldehyde. There was no significant difference between the results by the two procedures. P was greater than 0.25 by the Wilcoxon signed rank test (5) . 
DISCUSSION
This quantitative flow cytometric assay of attachment of SFG rickettsiae to host cells offers a standardized method for analyzing a large number of individual biologic events (8, 16) . Flow cytometry allows examination of 10,000 cells in a short period of time; coupled with specific staining of extracellular SFG rickettsiae bound to the target cell, quantification of rickettsial adhesion can be accomplished by this approach. In comparison with visual microscopy, a much larger number of cells can be evaluated. Moreover, extracellular attached rickettsiae can be stained selectively by immunofluorescence in paraformaldehyde-fixed specimens and distinguished from intracellular organisms more accurately than by Gimenez staining. Overall, the technique is valid in that the preparation of the sample preserves a representative population of cells that have interacted with SFG rickettsiae, and cells that have a greater quantity of rickettsiae attached to their surface are distinguished and, indeed, can be sorted from cells with fewer bound rickettsiae. Compared with the radiometric assay of the attachment of R. prowazekii to L cells or human endothelial cells (19, 20) , flow cytometry yields data on numerous individual events rather than a result that is the average of all these events. The results of multiple sorting demonstrated that flow cytometry is capable of distinguishing differences in the number of rickettsiae per cell by change in the fluorescent intensity of the cells (Table 2) . It is also possible to detect the signal from one rickettsia per cell (Tables 1 and 2) .
With this technological approach, we have extended the study of rickettsial adhesion to include the SFG. We demonstrated that SFG rickettsial attachment depends on the concentration of organisms and is inhibited by treatment of the rickettsiae with a cross-linking aldehyde fixative, protease, or heating at 56°C. Competitive inhibition of the attachment of R. conorii to L cells by increasing quantities of R.
rickettsii organisms suggests a receptor-ligand interaction. Our data suggest that the rickettsial attachment mechanism involves a rickettsial protein and that the target cell receptor also contains a protein moiety. The trypsin-sensitive, heatlabile nature of the rickettsial attachment mechanism suggests that a surface-exposed, conformation-dependent protein plays a role in adhesion to the host cell membrane receptor. This host cell binding component is also susceptible to trypsin digestion. In contrast, attachment of R. prowazekii to the cell membrane of sheep erythrocytes leading to hemolysis involves a cholesterol-containing receptor on the erythrocyte and is not affected by proteolytic enzymes (13, 14) .
In addition to the obvious importance of rickettsial attachment in the spread of rickettsiae from one host cell to the next in ticks, this step is critical in the pathogenesis of rickettsial infection of humans and other mammalian hosts. Its vulnerability to interdiction provides a potential locus for prevention or inhibition of further spread of infection. This flow cytometric assay offers the opportunity for further investigation towards identification of the rickettsial attachment apparatus and the target cell receptor. The ability of monoclonal antibodies to surface-exposed, heat-labile epitopes of SFG rickettsiae to block rickettsial disease and the mouse toxicity phenomenon (1, 2, 7, 11) might be explained either by the blocking of rickettsial attachment to target cells or by the opsonization of rickettsiae and shunting of the organisms to the reticuloendothelial system for clearance and destruction. While T lymphocytes, lymphokines, including gamma interferon (3, 6, 9, 10) , and other cellmediated immune mechanisms are the preeminent host defenses in recovery from rickettsial infection, antibodies may also be important for preventing attachment to and infection of new host cells as well as for opsonization for phagocytosis and subsequent destruction.
Alterations in the cell membrane or its receptors, which may be analyzed by flow cytometry, could affect the cell's susceptibility to rickettsial attachment or entry. Molecular methods coupled with this quantitative assay of the important biologic process of attachment offer an excellent approach for elucidating how intracellular bacteria interact with their hosts.
